The mechanical properties of the joint of YG8 cemented carbide and 42CrMo steel were studied by using CuZnNi filler metal in the vacuum hybrid welding. The parameters for optimizing the shear strength of joints were selected by orthogonal experiment, mainly including the brazing temperature, brazing time, diffusion temperature, holding time and diffusion pressure. The artificial neural network technique is a very practical tool for predicting the controllable parameters in the non-linear model. BP (Back Propagation) neural network was established under the environment of MATLAB software to simulate and predict designed process parameters. Thus, the optimal parameters were predicted by BP neural network and validated by experiments. The results show that the proposed BP model can obtain a non-linear relationship between the mechanical properties and process parameters. The predicted values are in good agreement with the experiments with the relative error of ¹0.2458% and the mean square error of 0.052%. The optimal parameters of BP neural network were obtained at brazing temperature (A) of 1045°C, brazing time (B) of 15 min, diffusion temperature (C ) of 750°C, holding time (D) of 40 min and diffusion pressure (E ) of 8 MPa, and the prepared joints showed the better mechanical properties like glossy surface, no apparent deformation, uniform brazing region and good adhesive interface, etc.
Introduction
The welding is one of the important bonding technology in the modern manufacturing industry. Many non-linear problems, which should be non-directly solved with mathematical models, are existed in welding process. Artificial neural network (ANN) modeling is mainly applied very successfully in non-linear system for identification, prediction and simulation, and it has the ability to simulate the non-linear processes about the structure and function of organism. ANN is essentially a large-scale continuous nonlinear timedynamic system, it shows some characteristics, namely, parallel processing, distributed storage, self-learning and adaptive ability, high fault tolerance, and so forth. The computational nature of ANN can be concluded as state mapping and transformation. ANN modeling can be further divided into feed-forward neural networks and feedback-type neural networks 1) to better adapt to the development of science, technology, economy and society. BP (Back Propagation), 2) which reflects the essence and perfect content, is a core part of feed-forward neural networks. As well as possessing strong self-learning, organizational, fault-tolerant, self-healing, pattern recognition and retrieval capability, 3) BP possesses parallel processing capabilities and a good approximation of non-linear mapping performance.
48)
Therefore, it is widely applied in various fields to deal with complex non-linear problems. BP also shows a bright future for the development and application in material processing.
Vacuum welding furnace could be used to avoid some shortcomings of flame brazing and induction brazing like uneven heating, easy oxidized, etc., so it has been gradually widely applied in bonging between cemented carbides and steels. Sun and Miao proposed and developed a new welding method namely vacuum hybrid welding technology which is conducted in the vacuum environment, by combining the complementary advantages of the vacuum brazing and vacuum diffusion welding, in order to overcome the shortcomings of vacuum brazing and vacuum diffusion welding. 9) According to the characteristics of brazing and diffusion welding, the vacuum hybrid welding is expected to have the following characteristics: (1) The welding joints is smooth, with small changes in the mechanical properties, and the general deformation is smaller; (2) This hybrid welding technology could be used for a variety of dissimilar materials, and there are no severe restrictions on the thickness of the workpieces; (3) Phenomenon like oxidation, carburization, decarburization and pollution deterioration will not occur during the welding process; (4) The welding workpieces could be heated evenly, with low residual stress, high welding strength and small deformation after welding; (5) The welding area is of negative pressure, and it is beneficial for the effective release of volatile impurities, thus ensuring the intrinsic performance of the matrix materials; (6) Oxide coatings would not form during the vacuum hybrid welding, so it is not needed to clean slags and spatters after welding, thus greatly improving the working conditions. This work was to establish a non-linear model for welding YG8 cemented carbide and 42CrMo steel in vacuum hybrid welding with Matlab software under the orthogonal experiment, and hence to predict welding parameters using a neural networked technique, because the welding process was a strong non-linear and parameter interconnected process. The welding parameters, including the brazing temperature, brazing time, diffusion temperature, holding time and diffusion pressure were selected as changeable factors while the shear strength 10) of joint was the investigation targets. The results show that the welding parameters of YG8 cemented carbide and 42CrMo steel can be predicted and optimized comprehensively by using BP neural network.
Experiments
Vacuum hybrid welding, which includes the techniques of brazing and diffusion welding, was used to avoiding the shortcomings including uneven heating and the susceptible ability to be oxidized. In vacuum environment, solder will be melted and infiltrated into the weld surface when work-pieces and filler metals are heated to just slightly higher than the melting temperature of the solder, with the solder flowing and spreading along the seams by capillary action. Then the alloy layer was formed due to the mutual solution-diffusion and wetting of welding metal and brazing filler metal. The workpieces were also pressurized by means of thermal insulation when temperature was below the melting point of the solder. Eventually, the hybrid welding joints were achieved when cooled to the room temperature.
Experimental materials and equipment
YG8 cemented carbide and 42CrMo steel were regarded as the research object of this work, which were performed at the ZRK-45 vacuum brazing furnace with the pure Ni (60 µm in thickness) for the middle layer material under the vacuum degree of 1 © 10 ¹1 Pa. The processing diagram of hybrid welding is shown in Fig. 1 .
The shear strength of the joints was considered as the evaluating indicator of the mechanical properties, and the joints were compressed and tested in the universal testing machine. The shear strength of the joints can be calculated as follows:¸¼
where P is the breaking force (KN); S is the effective joint area (mm 2 ); a is the effectively lap length (mm); b is the effective overlap width (mm).
Orthogonal Experimental Design
The orthogonal experiment were designed for five factors and four levels of welding parameters of joint. The factors were concerned with controllable parameters such as brazing temperature (A), brazing time (B), diffusion temperature (C), holding time (D) and diffusion pressure (E), as shown in Table 1 . The test value was joint shear strength (¸). The results from the L 16 (5 4 ) orthogonal array experiment are shown in Table 2 .
The purpose of this orthogonal experiment is to improve the shear strength of joints, and therefore each value of factor (column) should select the maximal value ( Table 3 ). The matrix K shows that the first element of the fourth level, the second element of the third level, the third element of the third level, the fourth element of the fourth level, and the fifth element of the third level. These were considered as a good test conditions, including brazing temperature (A) of 1045°C, brazing time (B) of 15 min, diffusion temperature (C) of 750°C, holding time (D) of 40 min and diffusion pressure (E) of 8 MPa. However, they should be tested, because the best combination of processes (A 4 B 3 C 3 D 4 E 3 ) has not been found in the orthogonal experiment.
BP Neural Network Theories
No fixed model can be solved in the material processing by using BP neural network. BP possesses a one-way communication and feedback functions, three or more than three 10) can be found to adjust weights of network, which has the ability to learn from sets of examples and generalize this knowledge to new situations. In view of the statistical physics essence of ANN algorithm, error back-propagation BP neural network can solve nonlinear problems, it is expected to further improve the retrieval precision, based on the optimization of training samples and continue debugging of network type and parameters.
11) Therefore, the BP network was developed in Matlab software to establish the relationship between the vacuum hybrid welding and the shear strength of joints.
Design of BP network structure
BP network is a kind of multilayer feed-forward neural network, whose transfer function of neurons is a SFunction, 12) and the amount of continuous output is between 0 and 1. S-Function can achieve arbitrary non-linear mapping from input to output. The mapping relationship between high interactive process parameters and hardness of the YG8 cemented carbide and 42CrMo steel was established in vacuum hybrid brazing. According to the experimental conditions, a simple three-layer ANN model, which consists of input, hidden, and output layers, is selected for good performance as shown in Fig. 2 . In the neural network terminology, the brazing temperature (A), brazing time (B), diffusion temperature (C), holding time (D) and diffusion pressure (E) were inputs while the shear strength (¸) of joints was output. The number of hidden layer nodes can be calculated by the following relationship:
where m is the number of output neurons; n is the number of input neurons; a is the constants from 1 to 10. Process parameters of BP network model are shown in Fig. 3 . The output g(x) produced by neuron i in layer L is described as follows:
where b is the offset or bias; w i is the weight vector, x i is input vector. A neuron in the network produces its input by processing the net input via an activation (transfer) function which is usually non-linear. There are several types of activation functions used for BP. However, the tan-sigmoid transfer function is mostly used, which is assigned in hidden layer(s) for processing the inputs as the following relationship:
and the differentiable function of (4) is as follows:
Data normalization
The value of the activation functions of BP network is in the range of ¹1 to +1, so the input data are correspondingly processed and transferred into the suitable scope. Then these data can better adapt to the output and reduce the weight adjustment. The normalized values (XA) for each raw in-put/ output dataset (X i ) was calculated as:
where X max and X min are the maximum and the minimum values of raw data, respectively.
The training function selection
The proper function was selected for the proposed BP model. There are two training methods in Matlab (adding mode and batch mode). Adding mode is more suitable for the dynamic network, and batch mode needs to designate specify training function for the entire network. The mapping relationship between input and output can be achieved through training of input and output samples with learning and correction of weights and thresholds. LM (LavenbergMarquardt) algorithm, 7) which comprises the Gauss-Newton and the Steepest Descent method of algorithm, is a network training function that possesses local convergence and global features of gradient descent method. The relative errors obtained from this algorithm are smaller than that of any other algorithms.
BP network program
The BP model was designed by using Matlab toolbox. Experiments data were processed, trained and predicted by a 
Results and Analysis
The results can be obtained by using Matlab software with the training function through iterative computation on the computer. The input values P were transposed and the network model was established, because the values T of network output represented the row of the matrix. Meanwhile, the parameters of network training were set, and Fig. 4 shows the training process.
Every training results are not the same, because the newff( ) function is random. And the Sim( ) function is used to simulate and verify the experiments in this work. The linear regression analysis of network is analyzed under the predictions and experiments. Figure 5 indicates that the output is better for tracking the actual value through the results of the statistical analysis, and the correlation coefficient R is 0.99898.
The outputs are compared with the true values to calculate the relative errors, as shown in Table 4 . Table 4 exhibits that relative errors of predicted values for test samples 3, 15 and 16 are ¹0.1941%, ¹0.2458% and ¹0.2324%, respectively, this is probably because the number of training data is relatively small, resulting in BP network being into the local minimum value points. From the experimental results in Table 4 , it can be seen that the prediction results of BP neural network is quite accurate. By comparing the recognition results and the experimental observations, it could be found that the relative errors are controlled in the range of «0.2% except for some individual samples, coinciding with the actual conditions. Moreover, the mean square error (MSE) is calculated by the following relationship:
where N is the number of outputs, T is the number of training sets, d i is the desired output, and y i is the network output. According eq. (7) the MSE for this ANN model is 0.052%. Consequently, the predicted values of the joints strength estimated by BP neural network are found to be in good agreement with the actual values from the experiments, and the ANN model could be used in predicting the joints strength of the YG8 cemented carbide and 42CrMo steel in vacuum hybrid welding.
BP Networks Prediction and Verification
The selected technology is consisted of 1024 kinds of process level combinations. As BP network is trained according to the above steps, it can be used to predict the shear strength of the joints under the process level combinations. The curve of the shear strength was drawn in more than 360 MPa, as shown in Fig. 6 . Figure 6 shows the undulating network forecasting curves, which reveals that different parameters combination significantly affect the shear strength of joints. No. 171 combination parameters (A 4 B 3 C 3 D 4 E 3 ) is the top of the BP network forecasting curves, and the shear strength is 363.8359 MPa, the welding condition of which includes brazing temperature (A) of 1045°C, brazing time (B) of 15 min, diffusion temperature (C) of 750°C, holding time (D) of 40 min and diffusion pressure (E) of 8 MPa. The process combination was preliminarily established for the best parameter combi- Fig. 6 . These data are less than those of the 171st process combination. Therefore, the shear strength of the joint can be characterized by BP neural network.
The optimum process parameters predicted by BP was verified and tested. Shear strength is 364 MPa under the process parameters with relative error about 0.1%, by contrasts with the predicted value. Thus, BP can effectively reflect the feasibility of the non-linear relationship between the shear strength of joint and the process parameters. Table 5 . This observation shows that the best welding joint was achieved by vacuum hybrid brazing with good adhesion between the cemented carbide and nickel plating layer. There were no holes, no line defect and clear boundaries in the two kinds of materials, as shown in Fig. 7 .
As shown in Table 5 , A district mainly consists of elements such as Fe, C, Ni, Cu; B district's main components are Fe, C, Ni, Cu, Zn; C district is mainly composed of C, Ni, Cu, Zn; D district's main ingredient are C, W, Co, Ni, Cu, Zn. Consequently, the copper element was main components in A, B and C areas. A small amount of Fe atoms were found in areas A and B, this maybe because a certain amount of Fe elements in 42CrMo steel diffused into the solder areas. However, the Fe atoms were not found in C area. Moreover, D area was Ni, Co and Cu, which existed as solid solution. XRD was applied to the I, II and III areas after polishing of the welding joints ( Fig. 8(a) ), where the I area is close to the cemented carbide of the welding zone with forming a large tensile stresses, the II area locates in the interface between the cemented carbide and plated Ni layer, and the III area locates in the diffusion area between solder and Ni layer.
There are three areas that influence the mechanics properties of the cemented carbide. Figure 8(b) shows that YG8 components are WC, Co 6 W 6 C, Co 3 W and Co. Figure 8(c) shows that the main phase of II area is Ni matrix solution (FCC), WC and zinc or copper-zinc or nickel-zinc compounds. The III area consisted of nickel, cobalt, copper and zinc is shown in Fig. 8(d) .
Micro-hardness analysis of the hybrid welding joints
The micro-hardness distribution of the hybrid welding joint is shown in Fig. 9 . It is evident that the average value of the micro-hardness of the matrix after welding is 1476 HV, the micro-hardness of 42CrMo steel is 313 HV, and the minimum micro-hardness of brazing seam area is 187 HV.
Components analysis of welding joints either with or
without Ni-plating The width of the seam area of the joint with Ni-plating is about 70 µm ( Fig. 10(a) ), and the width of the seam area of joint without Ni-plating is 45 µm (Fig. 10(b) ), which indicates that the width of seam area extends with the thickness of coatings increasing. In other words, the Ni atoms were diffused into the cemented carbide, and finally Ni and Co formed the infinite solid solution. Diffusion transition zone was achieved by mutual diffusion between YG8 and pure Ni. The solid solution possesses a good plasticity and high strength. Therefore, microstructure of welding joint was ideal. Thus, the toughness of the seam areas in the cemented carbide was improved.
Conclusion
This work showed the capability of BP network to predict the shear strength of joints by vacuum hybrid welding with the orthogonal experiment, and to optimize the results on the shear strength of the welding joint.
The optimal parameters of BP neural network were obtained at brazing temperature (A) of 1045°C, brazing time (B) of 15 min, diffusion temperature (C) of 750°C, holding time (D) of 40 min and diffusion pressure (E) of 8 MPa.
The complexity and limitations of the welding process can be effectively overcome by the BP neural network and the optimal process parameters can be provided for preparing the YG8 cemented carbide and 42CrMo steel in vacuum hybrid welding.
